ABSTRACT Numerous studies have indicated that yellow semen syndrome (YSS) of turkey is associated with the production of low semen quality, resulting in reduced fertility and hatchability. It is unknown at present if the etiology of YSS also could be linked to low-molecular weight metabolites. The aim of this study was to examine the metabolome of white and yellow seminal plasma of turkeys. Two different metabolomics approaches, shotgun (direct infusion) and liquid chromatography-mass spectrometry (LC-MS), were employed to identify metabolites differentially abundant in yellow seminal plasma. Significant changes in the levels of 1549 and 2093 metabolites were detected in yellow vs. white seminal plasma using shotgun and LC-MS, respectively. Of these, 354 metabolites (189 increased and 165 decreased) after shotgun and 936 metabolites (363 increased and 573 decreased) after LC-MS were putatively identified using the Human Metabolome Database. Significantly differentiated metabolites were subjected to Ingenuity Pathway Analysis. Lipid metabolism, molecular transport, and nucleic acid metabolism were the top pathways that differentiated white and yellow seminal plasma. These data strongly suggest that disturbance of carbohydrate and lipid metabolism is characteristic for YSS. The abnormal metabolism of lipids may contribute to the numerous lipid vacuoles previously observed in the reproductive tracts of YSS males. An increased level of riboflavin in YSS may be responsible for yellow turkey semen pigmentation. A disturbance in thyroid hormone metabolism visible at protein and metabolic levels may be involved in YSS in turkey. The low quality of YSS may be linked with the presence of drug residues in the reproductive tract.
INTRODUCTION
Numerous studies have indicated that yellow semen syndrome (YSS) found in turkeys is associated with the production of low semen quality, resulting in reduced fertility and hatchability (Thurston et al., 1975 (Thurston et al., , 1992 Hess and Thurston, 1984a; Dobrescu, 1986; Thurston and Korn, 1997) . Although almost 14 to 16% of the turkey population produces yellow semen, the exact cause of YSS in not known S lowińska et al., 2015) . It has been suggested that both genetic propensity as well as inbreeding to improve body conformation and egg production, are factors contributing to the occurrence of YSS (Thurston and Korn, 1997) . The yellow semen is characterized by an increased number of abnormal spermatozoa, spermatids, and is connected with inflammation and spermiophages (Marquez and Ogasawa, 1975; Thurston et al., 1975) . Moreover, an abnormality in the reproduction tract of YSS males has been observed in the epithelial cells in the ductuli efferentes (Hess and Thurston, 1977; Hess et al., 1982) .
YSS seminal plasma is characterized by elevated protein concentration and cholesterol and increased activities of aspartate aminotransaminase, acid phosphatase, and superoxide dismutase (Hess and Thurston, 1984b; S lowińska et al., 2011) . Proteomic studies of white and yellow seminal plasma allowed for the detection of potential semen protein markers for YSS (S lowińska et al., 2015) . Elevated levels of albumin, transthyretin (TTR), hemopexin, immunoglobulin, and pantetheinase-like protein were found in yellow seminal plasma (S lowińska et al., 2015) . It is unknown at present if the etiology of YSS also could be linked to low-molecular weight metabolites.
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Metabolomics is the study of small low-molecularweight metabolites in complex biological samples (Nicholson and Lindon, 2008) . As well as genomics and proteomics, metabolomics has been used to identify biomarkers of male infertility (Deepinder et al., 2007; Courant et al., 2013; Zhang et al., 2017) . So far, metabolomics has not been applied to study poultry semen. The aim of this study was to compare the metabolome of white and yellow seminal plasma of turkeys using 2 different metabolomics approaches, shotgun (direct infusion) and liquid chromatographymass spectrometry (LC-MS), and to identify metabolites differentially abundant in yellow seminal plasma.
MATERIALS AND METHODS

Birds, housing, and semen collection
Turkeys (British United Turkeys Big 6, Grelier, Saint-Laurent-de-la-Plaine, France) were maintained under standard husbandry conditions at the Turkey Testing Farm in Frednowy, Poland. Feed and water were provided ad libitum. Males were photostimulated at 26 wk of age (14h light to 10h darkness) and produced semen by 30 wk of age. Individual semen samples were collected at one-week intervals by abdominal massage (Burrows and Quinn, 1937) . Semen was centrifuged twice for 10 min at 7,950 x g at 4
• C. The supernatant was seminal plasma, which was stored at −26
• C. Birds whose semen was used for analysis were 45 wk of age.
Seminal plasma classification
Seminal plasma was classified as normal or yellow on the basis of Thurston et al.'s (1982) criteria. Seminal plasma with a white color and a low protein concentration (≤20 mg/mL) was classified as normal white. Seminal plasma with a yellow color and a high protein concentration (>20 mg/mL) was classified as abnormal yellow. The color of seminal plasma (white or yellow) was estimated by subjective observation (Supplementary Figure S1 ). The protein concentration was measured with the method of Lowry et al. (1951) with bovine serum albumin as the standard.
Semen quality analysis
Video recordings of motile sperm were made using a microscope with a 10× negative phase objective and a Sony CCD black and white video camera (SPT-M108CE). Video recordings were analyzed using Hobson Sperm Tracker (Hobson Vision Ltd, Baslow, UK). MicroCell 2-chamber (20-μm depth of the chamber) slides (Conception Technologies, San Diego, CA), were used. The slides were mounted on a heated stage (41
• C). The sperm dilutions, recording, and Hobson Tracker settings followed those described by King et al. (2000) and Kot lowska et al. (2007) for turkey spermatozoa. Semen samples were incubated for 5 min in the motility buffer (50 mM Tris buffer, pH 7.4, 120 mM NaCl, 10 mM glucose, 2 mM CaCl 2 ) at 39
• C. The motility buffer composition used in the present study was previously adapted for CASA analysis of turkey spermatozoa by King et al. (2000) and applied in our studies on turkey semen storage (Kot lowska et al., 2007; S lowińska et al., 2012 . A study of Lemoine et al. (2008) showed no induction of acrosome reaction of chicken semen in NaCl-TES buffer in the presence of Ca 2+ and BSA if buffer was not supplemented with the inner perivitelline layer. Turkey semen was diluted 300 to 500 times to obtain 30 to 50 sperm on the screen at the start of motility. The motility buffer was supplemented with 0.5% BSA to prevent adherence of spermatozoa to the glass slides.
Flow cytometry was performed using a Muse R Cell Analyzer (EMD Millipore, Billerica, MA). Viability and numbers of spermatozoa cells from white and yellow semen were assessed using Muse R Count and Viability Reagent (EMD Millipore) according to the manufacturer's protocol. In this technique, a membrane-permeant DNA-staining dye stains all cells with nuclei, and is then used to discriminate these nucleated cells from debris and non-nucleated cells. A DNA-binding Muse R dye based on 7-aminoactinomycin D stains cells that have lost their membrane integrity, allowing the dye to stain the nucleus of dead and dying cells. This parameter was displayed as viability and was used to discriminate viable (live cells that do not stain) from non-viable (dead or dying cells that stain). Semen was diluted 3,000 times in PBS to obtain concentrations in the range of 1 × 10 5 to 1 × 10 7 sperm/mL. Subsequently, 20 μl of each semen suspension was mixed with 380 μl of Muse Count and Viability Reagent and incubated for 5 min at room temperature.
The differences in semen quality parameters between white and yellow semen were analyzed by Student's t test using the statistical software program GraphPad5 (GraphPad PRISM version 5.0, GraphPad Software Inc., San Diego, CA). The data are shown as mean ± SEM.
Xevo G2-XS QT of quadrupole time-of-flight mass spectrometry
Six samples of normal and 6 samples of yellow seminal plasma were used in the experiment. Sample preparation was performed according to Chen at al. (2015) with some modification. Prior to analysis, 300 μl of methanol (MeOH) were added to 100 μl of seminal plasma and then vortex mixed for 1 minute. The sample mixture was then incubated for 1h at 4
• C. To remove precipitated proteins, the sample was then centrifuged at 12,000 rpm for 10 min at 4
• C. Shotgun (direct infusion). The analysis of 3 white and 3 yellow samples were carried out on a Waters Xevo Results are reported as means ± SEM.
G2 Q-TOF mass spectrometer (Waters Corporation, Manchester, UK) equipped with an ESI source. Freshly prepared samples were diluted 1:19 with 0.02% formic acid (FA) and 90% MeOH, and 100 μl each of diluted sample were infused using a Harvard Apparatus Pump 11 Elite Syringe Pump (Instech Laboratories, Plymouth Meeting, PA) at a flow rate of 5 μl/min. The syringe was washed 3 times between each sample injection with 0.02% FA and 90% MeOH. The parameters of the mass spectrometer under the ESI mode were as follows: ion source temperature 100
• C, cone gas flow 50 L/h, desolvation gas temperature 250
• C, desolvation gas flow 600 L/h, and capillary voltage 3.0 kV for positive-ion mode. Fullscan MS data were collected from 50 to 1,200 Da with collision energy of 6 eV and scan time of 1 second.
LC-MS.
For LC-MS analysis, freshly prepared samples (3 white and 3 yellow seminal plasmas) were diluted 1:19 with 0.1% FA. A 1.7 μm Acquity UPLC BEH C18 (2.1 mm X 50 mm) column and a mobile consisting of 0.1% FA (A) and acetonitrile (ACN) with 0.1% FA (B) were used. A gradient with an initial hold at 5% B for 8 min, ramping to 95% B over 20 min, holding at 95% B for 2 min was used. The total run time with column equilibration was 44 min; the flow rate was 0.12 mL/min, and the injection volume was 1 μl. Samples were analyzed in positive ESI mode. The capillary voltage was 0.5 kV, and the sampling cone voltage was 40 V. The source temperature was 140
• C, and the desolvation temperature was 600
• C. The cone gas flow was 50 L/h, and the desolvation gas flow was 1,000 L/h. Data were collected from 100 to 1,200 Da with collision energy of 6 eV and scan time of 1 s throughout the entire chromatographic run.
Data analysis. The accurate mass and intensities of the precursor ions identified in shotgun (direct infusion) and LC-MS experiments were calculated using the MassLynx V4.1 software (Waters) incorporated with the Xevo G2 Q-TOF mass spectrometer. The peak picking and alignment were processed using the Progenesis QI (Non-linear Dynamics, Newcastle upon Tyne, UK). Metabolites were identified from Progenesis LC-MSgenerated.mgf files by searching the Progenesis MetaScope (version 1.0.5673.) using the Human Metabolome Database (HMDB) search with precursor and fragment tolerance 3 ppm. P-values were generated in Progenesis using ANOVA, where significant features were determined based on a probability P < 0.05. The Ingenuity Pathway Analysis (IPA; Ingenuity, Mountain View, CA) was used to identify the biochemical pathways responsible for the observed metabolic differences between significantly differentiated white and yellow seminal plasma metabolites.
RESULTS
Semen quality parameters
Sperm concentration and sperm motility did not differ between white and yellow semen (Table 1) . However, the sperm viability was lower for yellow semen. The mean protein concentration of yellow seminal plasma samples was 4.5 times higher than that of white semen.
Metabolomics pathways differentiated white and yellow seminal plasma
Shotgun (direct infusion). Significant changes in the levels of 1,549 metabolites were found in yellow vs. white seminal plasma, from which 354 metabolites (189 increased and 165 decreased) were putatively identified using HMDB. To gain biologically related pathways, 106 of 354 molecules were mapped into the IPA knowledgebase. The top 5 canonical pathways observed were 1) melatonin degradation I; 2) superpathway of melatonin degradation; 3) creatine-phosphate biosynthesis; 4) methylglyoxal degradation I; and 5) dermal sulfate biosynthesis, late stage; (Table 2) . However, those pathways were not statistically significant (P-values ranged from 1.41 to 2.68).
The top 5 altered bio-functions in terms of molecular and cellular functions were 1) cell-to-cell signaling and interaction; 2) cellular function and maintenance; 3) cell morphology, 4) cellular assembly and organization, and 5) lipid metabolism (Table 2) . Changes in those functions were significant (P-values from 0.045 to 0.001).
Nine molecules (4 increased and 5 decreased) at score 23 were linked to biliary hyperplasia, hepatic system development and function, and liver cholestasis network in terms of top diseases and function (Table 2) .
LC-MS. Significant changes in the levels of 2,093 metabolites were found in yellow vs. white seminal plasma, from which 936 metabolites (363 increased and 573 decreased) were putatively identified using HMDB. For analysis, 247 of 936 molecules were mapped into the IPA knowledgebase. The top 5 canonical pathways observed were 1) all-trans-decaprenyl diphosphate biosynthesis; 2) AMPK signaling; 3) acetyl-CoA biosynthesis I, pyruvate dehydrogenase complex; 4) TCA cycle II (Eukaryotic); and 5) NAD biosynthesis III (Table 3) . Similarly to shotgun (direct infusion) data, no significant pathways were found (P-values from 2.37 to 2.76).
The top 5 altered bio-functions in terms of molecular and cellular functions were 1) carbohydrate metabolism; 2) small molecule biochemistry; 3) cellto-cell signaling and interaction; 4) drug metabolism; and 5) cellular development (Table 3) . Changes in those functions were significant (P-values from 0.047 to 0.003). Two networks connected with lipid metabolism with score 19 (4 increased and 5 decreased) and 18 (5 increased and 3 decreased) were found to differentiate yellow and white seminal plasma in terms of top diseases and function (Table 3) .
DISCUSSION
For the first time, metabolomics approaches have been applied to identify metabolites that differentiate white and yellow turkey seminal plasma. No significant canonical pathways were assigned by IPA. However, significantly differentiated metabolites were recognized and were found to be involved in molecular and cellular function. Lipid metabolism, molecular transport, and nucleic acid metabolism seem to be the top networks that differentiate white and yellow seminal plasma.
Differentially expressed metabolites in white and yellow seminal plasma were found to be involved in molecular and cellular function important for spermatozoa physiology, e.g., carbohydrate and lipid metabolism, cell-to-cell signaling and interaction and cellular development, assembly, and organization. It is worth mentioning that the top canonical pathways of turkey semen proteins also have been linked to carbohydrate and lipid metabolism (S lowińska et al., 2017) . This suggests that function of proteins and metabolites could be linked together. In birds, carbohydrate metabolism is essential for local ATP production, which provides the energy for key function of spermatozoa, e.g., sperm motility and ability to fertilize (Ford, 2006 , Froman et al., 2011 Rowe et al., 2013) .
Lipids are a basic component of bird semen (Cerolini, 2003) . In particular, they contribute to the structure of spermatozoa membranes and are involved in vital aspects of sperm metabolism and function, e.g., energy metabolism and all of the main function and events that lead to fertilization (Cerolini et al., 1997; Blesbois et al., 2005; Partyka et al., 2016) . Lipid metabolism was found to differentiate YSS from white semen. Therefore, it can be suggested that the process of lipid synthesis and degradation is altered in YSS. Myristoylcoenzyme A and farnesyl pyrophosphate that were found to be increased in YSS are intermediate in fatty acid biosynthesis (Tacer et al., 2002; Hunt et al., 2005) . Moreover, myristoyl-CoA and riboflavin (upregulated in YSS) may cause enhanced lipid peroxidation, which may be related to the low quality of yellow semen (Hunt et al., 2005; Cardoso et al., 2012 ). An increased activity of SOD in yellow semen reported by S lowińska et al. (2011) may be an important antioxidant defense again higher production of ROS in YSS. NAD + has been found to be connected with maintaining lipid homeostasis (Canto at al., 2015); therefore, elevated levels of NAD+ in YSS can indicate disturbance in lipid homeostasis.
Overall, our study strongly suggests that disturbance of lipid metabolism is characteristic for YSS, and this supports earlier histological and ultrastructural studies of the YSS epididymis (Hess and Thurston, 1977; Hess et al., 1982) . The reproductive tract of YSS males are abnormal in that the ductuli efferentes epithelia are hypertrophied with cells containing numerous lipid vacuoles Thurston and Korn, 1997) . This suggests that the abnormality in the reproductive tract of YSS males could be the cause of the disturbance in lipid metabolism. Besides the abnormality of the reproduction tract, the disturbance of lipid metabolism may contribute to the increased number of abnormal sperm cells and deformed spermatids observed in YSS (Thurston et al., 1975; Barnes et al., 1996; and Korn, 1997). This has been previously shown for mammals (Schisterman et al., 2014) . The yellow-pigmented semen has been reported for mammalian species as well as for the domestic turkey (Thurston and Korn, 1997) . However, in contrast to mammals, the origin of the yellow color of turkey semen is unknown. In mammals, like bull and goat, the yellow color appears to be caused by riboflavin from the vesicular glands (White and Lincoln, 1960; Ahmad and Noakes, 1996) . Such glands are not present in bird reproduction tracts. In our study, riboflavin was found to be increased in yellow semen (Table 3) , which strongly suggests that riboflavin may also be responsible for yellow turkey seminal plasma pigmentation. Further research should focus on conformation of the role of riboflavin in YSS and determination of source of riboflavin secretion.
Differences between white and yellow seminal plasma have been described at protein (S lowińska et al. 2015) and metabolite levels (present study). Interestingly, a link between protein and metabolite data has been found. Transthyretin, the major thyroid hormone (T3 and T4) binding protein was upregulated in yellow seminal plasma (S lowińska et al., 2015) , whereas 3-iodotyrosine, an intermediate in the production of thyroid hormones was found to be downregulated in the present study (Table 3 ). At present, it is difficult to explain this relationship. Perhaps YSS is characterized by a deficiency of thyroid hormones, which is indicated by low level of 3-iodo-tyrosine and elevated concentration of TTR. The increase of TTR and decrease of 3-iodo-tyrosine in seminal plasma in turkey with YSS may interrupt thyroid hormone metabolism in turkey semen. Overall, our results suggest that the disturbance in thyroid hormone metabolism visible at protein (S lowińska et al., 2015) and metabolite levels (this study) may be involved in YSS in turkey.
In our study we have found that many drugs can be excreted into turkey semen. Antibiotics (clartithomycin), antiviral drugs (zanamivir), and antifungal medicines (caspofungin) were identified for the first time in turkey semen. It is known that drugs can be transported to the seminal fluid from blood and can directly affect sperm cells, resulting in functional, physiological, metabolic, or genetic changes (Pichini et al., 1994) . At present, there is no information about presence of drugs in poultry semen. For this reason, further studies should evaluate the influence of drugs on turkey semen quality and the extent to which the drug distributes from the blood into the male reproductive tract.
In summary, our results strongly suggest that the disturbance of carbohydrate and lipids metabolism is characteristic for YSS. The abnormal metabolism of lipids may contribute to numerous lipid vacuoles previously observed in the reproductive tracts of YSS males. A increased level of riboflavin in YSS may be responsible for yellow turkey semen pigmentation. A disturbance in thyroid hormone metabolism visible at protein and metabolic levels may be involved in YSS in turkey. The low quality of YSS may be linked with the presence of drug residues in the reproductive tract.
SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science online.
Supplementary Figure S1 . The color of white (upper row) and yellow (bottom row) turkey seminal plasma.
